Variable lymphocyte receptors (VLRs) are unconventional adaptive immune receptors relatively recently discovered in the phylogenetically ancient jawless vertebrates, lamprey and hagfish. VLRs bind antigens using a leucine-rich repeat (LRR) fold and are the only known adaptive immune receptors that do not utilize an immunoglobulin (Ig) fold for antigen recognition. While Ig-antibodies have been studied extensively, there are comparatively few studies on antigen recognition by VLRs, particularly for protein antigens. Here we report isolation, functional and structural characterization of three VLRs that bind the protein toll-like receptor 5 (TLR5) from zebrafish. Two of the VLRs block binding of TLR5 to its cognate ligand flagellin in functional assays using reporter cells. Co-crystal structures revealed that these VLRs bind to two different epitopes on TLR5, both of which include regions involved in flagellin binding. Our work here demonstrates that the lamprey adaptive immune system can be used to generate high affinity VLR clones that recognize different epitopes and differentially impact natural ligand binding to a protein antigen.
INTRODUCTION
Antibodies are widely used in biomedical research and medical applications due to their exquisite molecular recognition properties. Variable lymphocyte receptors (VLRs) are phylogenetically ancient antibodies discovered in the extant jawless vertebrates, lamprey and hagfish 1, 2 . VLRs from lamprey and hagfish are the only known vertebrate antibodies that do not have an immunoglobulin (Ig) fold (REF) . Instead, leucine-rich repeats (LRRs) form the basis of VLR antigen recognition [2] [3] [4] . Jawless and jawed vertebrates (Agnatha and Gnathostomata, respectively) evolved different lymphocyte-based adaptive immune systems approximately 500 million years ago 5 . VLRs are assembled during lymphocyte development by sequential recombination of flanking LRR modules into an incomplete germline VLR gene locus until an in-frame, functional VLR gene is formed 2 . An estimated repertoire of >10 14 unique VLR receptors can be generated by this gene assembly mechanism, which enables lampreys to respond to a vast array of antigens 1 . Three classes of VLR (VLRA, VLRB, and VLRC) are encoded in lamprey and hagfish [6] [7] [8] . VLRA + and VLRC + lymphocytes employ their diverse repertoires of cell surface VLRAs and VLRCs, respectively, for cell-mediated immune responses 9 . VLRB + lymphocytes provide humoral immunity, expressing membrane-anchored VLRB and also secreting multivalent VLRB, and thus have drawn parallels to mammalian B cells 3, 10 . Secreted VLRBs multimerize via a conserved C-terminal stalk region, which is necessary for agglutination 1, 3 . The VLRB LRR domain is responsible for antigen binding [11] [12] [13] [14] .
for VLRBs in complex with protein antigens, additional context can be gleaned from the structure of a VLRA in complex with hen egg lysozyme, which binds with picomolar affinity, although it is still not clear what constitutes a typical VLRA antigen recognition mode [17] [18] [19] . Crystal structures of these antigen-VLR complexes showed that both protein antigens bound to the CT-loop and the more C-terminal β-strands, but not to the LRRNT.
There is significant interest in developing molecular recognition proteins using scaffolds other than the Ig fold of conventional antibodies, in part to streamline production, facilitate engineering of fusion constructs, or to overcome self-tolerance 20 . The vast repertoires of VLRs with LRR-based recognition motifs offer relatively untapped potential to complement Ig-based antibody technologies. VLR monomers are small (~15-25 kDa) and their formation by a single polypeptide chain simplifies the construction of recombinant fusion proteins and display libraries for high-throughput screening 3 . For example, VLR-containing chimeric antigen receptors have been engineered that target murine B cell leukemia and the human T cell surface antigen CD5 21 . Relative to VLRs, Igs are large (~150 kDa for IgG) proteins and production typically requires heavy and light chains 22 . The only known naturally occurring single chain Ig-antibodies are the camelid heavy chain antibodies and Ignew antigen receptors found in cartilaginous fish 23, 24 . Engineered single-chain variable fragments have been widely used to facilitate generation of Ig-based fusion constructs for phage display, immunohistochemistry, and flow cytometry 25 . Non-Ig scaffolds have been explored extensively, including LRRs, ankyrin repeats, Zn-fingers, and PDZ domains [26] [27] [28] , but in vitro evolution and structure-based design are often required to achieve desired molecular recognition properties. In fact, VLR-inspired LRR proteins that bind myeloid differentiation protein-2, hen egg lysozyme, and interleukin-6 with affinities ranging from picomolar to micromolar have been rationally designed or isolated from phage libraries 28 . VLRs, however, benefit from the natural biological diversity inherent in adaptive immunity. VLRs undergo in vivo selection and expansion in an immunological process optimized over millions of years of evolution. Recent technological advances, including development of lamprey adjuvants for improved immune responses to protein antigens and high-throughput display systems for rapid screening, enhance our ability to generate and isolate VLRs against individual protein targets 29 . However, questions still remain regarding the affinity of VLRBs that can be generated from immune libraries, the diversity of epitopes that VLRBs can recognize, and the contribution of different VLRB modules and features to antigen binding.
Toll-like receptors (TLRs), like VLRs, are also composed of LRR subunits, but TLRs function as innate immune receptors for conserved pathogen-and damage-associated molecular patterns (PAMPs and DAMPs) 30 . TLR5, in particular, initiates host-defense in response to the bacterial motor protein flagellin 31 . Flagellin binds to the TLR5 extracellular domain (ECD), activating cytokine signals via the intracellular Toll/interleukin-1 receptor homology domain 31, 32 . The TLR5 ECD and intracellular domain are connected by a short single pass transmembrane region. Flagellin tightly binds the TLR5 ECD with K d estimates in the picomolar range 32, 33 . To enhance expression and folding for structural studies, zebrafish [Danio rerio (dr)] TLR5 N14 , was designed containing TLR5 LRRNT to LRR14 face of drTLR5 N14 from LRRNT to LRR10 makes extensive contacts with conserved regions of flagellin 32 .
Although flagellin is the canonical exogenous TLR5 activator, activation by endogenous DAMPs have been implicated in rheumatoid arthritis (RA), periodontitis, and neuropathic pain [35] [36] [37] [38] . A pathway for pain hypersensitivity was recently uncovered in which TLR5 is activated by the alarmin protein high mobility group box-1 37 . The emergence of endogenous DAMPs that activate TLR5 suggests potential therapeutic value in TLR5 antagonists in treating these conditions. Only two TLR5 inhibitors have been reported: the small molecule TH1020 39 and a commercially available conventional (Ig-based) antibody that binds mouse TLR5 40 . A series of small molecule TLR5 inhibitors for RA treatment have been proposed based on in silico screening, but not validated in biochemical assays 41 . The lack of effective TLR5 inhibitors may be due, in part, to the high affinity binding between TLR5 and flagellin.
Here we report on the development of three high-affinity VLRB monoclonal antibodies (VLR-1, −2, −9) to the antigen drTLR5 N14 , a truncated form of the TLR5 ECD from zebrafish. The VLRs were isolated by screening of a yeast surface display (YSD) library constructed from an immunized lamprey. Recombinant monomeric VLR1, 2 and 9 bound to TLR5 in the nM range (K d = 13 -130 nM). We tested the ability of VLRs to attenuate TLR5 signaling in cell-based assays using a HEK-derived reporter cell line. We found that the three VLRs ranged in ability to block flagellin binding: VLR1 had no discernible effect, VLR2 a moderate effect, and VLR9 the strongest effect in our assays. Co-crystal structures of VLR-2 and −9 revealed two epitopes on TLR5 targeted by VLRs, both of which overlap with the flagellin binding site, such that flagellin and VLR would not be able to bind TLR5 simultaneously. In contrast to previously published VLR:antigen structures, the VLR LRRNT makes significant contributions to TLR5 binding, thus expanding our understanding of antigen recognition by these unconventional antibodies.
RESULTS

Identification of drTLR5-binding VLRs
Monoclonal VLRBs specific for drTLR5 N14 , a zebrafish construct of TLR5, were generated by screening a YSD library constructed from lymphocyte cDNA of immunized lampreys. As in jawed vertebrates, most soluble protein antigens are weakly immunogenic to lampreys and require adjuvants to enhance the immune response. Particulate antigens, such as bacteria, viruses or eukaryotic cells, elicit high-titer VLRB responses 10 . Therefore, purified recombinant engineered drTLR5 N14 protein 32, 34 was covalently conjugated to paraformaldehyde-fixed human Jurkat T cells as a carrier to enhance immunogenicity. All three lampreys immunized with the Jurkat T cell conjugates produced VLRBs specific for drTLR5 N14 as measured by ELISA ( Fig. 1 ). VLRB genes were PCR amplified from the total from the FACS-sorted library were characterized for drTLR5 N14 binding ( Fig. 1c and Fig.   S1c ).
Three representative clones, VLR1, VLR2 and VLR9, were selected for further study based on qualitative binding profiles from FACS and amino-acid sequence analysis. All three clones possessed primary structure motifs typical for VLRs with high amino-acid sequence identity (70-80%) ( Fig. 2a and Fig. S2 ). A few key differences in the sequences illustrate how the VLR framework can be utilized to recognize diverse antigens. First, VLR2 contains one more LRR module (LRRv2) than VLR1 and VLR9. Second, VLR9 has a much shorter CT-loop than VLR1 and VLR2. Finally, we noted significant amino-acid differences in the putative hypervariable antigen-binding β-strands of the three VLRs. Based on these differences, we hypothesized that these VLRs may bind different epitopes on drTLR5 N14 antigen.
To characterize TLR5 binding by VLRs, we recombinantly expressed the LRR domains of VLR1, VLR2, and VLR9 using a baculovirus expression system. All three VLRs purified as monomers on size exclusion chromatography. We observed drTLR5:VLRB complexes in a series of biochemical experiments with the purified proteins, including gel filtration chromatography ( Fig. S3 ). We quantified binding affinities using isothermal titration calorimetry (ITC) and found that VLRs bound drTLR5 N14 with dissociation constants in the nanomolar range. VLR9 bound the tightest (K d = 13 nM), with VLR2 and VLR1 having 3fold (40 nM) and 10-fold (130 nM) lower affinity, respectively ( Table 1 , Fig. S4a ). The ITC data revealed that each VLR bound monomeric drTLR5 N14 with a 1:1 stoichiometry. Binding of drTLR5 N14 by VLR1 and VLR9 were enthalpically driven, as indicated by large negative ΔH values. In contrast, VLR2 binding to drTLR5 N14 was entropically driven, suggesting a strong hydrophobic effect arising from the release of ordered solvent molecules. Corresponding K d values quantitated using biolayer-interferometry kinetic measurements were in agreement with the ITC results (Table S1, Fig. S4b ).
HEK-hTLR5 cell activation assays
We devised assays using HEK-hTLR5 reporter cells to determine if these VLRs alter flagellin binding to TLR5. HEK-hTLR5 is an established commercially available HEK293derived cell line stably co-transfected with human TLR5 and an NF-κB inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene ( Fig. S5a ). For these experiments, we treated HEK-hTLR5 cells with combinations of recombinant endotoxin-free VLR, drTLR5 N14 and recombinant Salmonella typhimurium flagellin. First, we tested flagellin, a known TLR5 activator, in the HEK-hTLR5 SEAP signaling assay and observed a robust signal for flagellin (2 ng) ( Fig. 3a , blue bar, Fig. S5b ). Purified drTLR5 N14 protein was then tested in combination with flagellin to determine if exogenous zebrafish TLR5 protein (drTLR5 N14 ) could compete with hTLR5 on the cell surface for flagellin binding, thereby inhibiting HEK-hTLR5 activation ( Fig. S5c ). Varying amounts of drTLR5 N14 were tested (0 -800 µg), and we determined that 400 ng of drTLR5 N14 effectively blocked any activation showed the largest effect, where 70% of the flagellin signal was restored by VLR9 (1.6 µg) in the presence of inhibitory drTLR5 N14 (400 ng, Fig. 3b ). VLR2 had moderate effects, restoring 36% of activity of flagellin under the same conditions. VLR1 had no discernable impact on signaling up to 1.6 µg. We tested additional combinations of proteins as controls, including each VLR only, drTLR5 N14 only, VLR/drTLR5 N14 , and VLR/flagellin. The controls confirmed that SEAP signaling from HEK-hTLR5 cells was not activated by individual VLRs, drTLR5 N14 , or VLR/drTLR5 N14 combinations in the absence of flagellin. Furthermore, in the absence of drTLR5 N14, these VLRs had no effect on HEK-hTLR5 activation by flagellin, suggesting that they are specific for drTLR5. Viability assays using the cell proliferation reagent WST-1 confirmed that flagellin, drTLR5 N14 , or VLRs, alone or in combination, did not kill the hTLR5-HEK cells (Fig. S6 ). To confirm TLR/VLR complex formation in the assay system, we performed a pull-down utilizing fusion-tagged drTLR5-His 6 -StrepII and VLR-His 6 (Fig. 3c ). For these experiments, magnetic strep-tactin beads were utilized to purify drTLR5 N14 protein complexes from HEK-hTLR5 cell culture.
Western blot analysis using an anti-His antibody showed that VLR2 and VLR9, but not VLR1, co-purified with drTLR5, consistent with the higher overall affinities of VLR2 and VLR9 for drTLR5 (Table 1 ) and the much faster off-rate of VLR1 for drTLR5 N14 (Fig. S4 ).
VLR2 and VLR9 crystal structures
VLR2 and VLR9 crystals were grown by vapor diffusion and X-ray crystal structures were determined at very high resolution, 1.1 Å and 1.6 Å, respectively ( Table 2 ). Both proteins have the characteristic solenoid structures of VLRs, and closely superimpose with each other (RMSD 0.5 Å, 119 Cα atoms aligned) ( Fig. 2b) . The short CT loop in VLR9 (residues 152-159) is well tolerated in the structure with minor shifts in LRRCT compared to the VLR2 structure. In the VLR2 structure, insertion of LRRv2 shifts the LRR register and extends the putative antigen-binding pocket without perturbing the overall fold. Geometric analysis of the solenoids using ConSole 42 revealed similar curvatures for VLR2 and VLR9 (209° and 207°, respectively). Overall, the apo crystal structures reveal that sequence variations in VLR2 and VLR9 are well accommodated within in the modular LRR framework.
Two dr TLR5 N14 epitopes recognized by VLRs
To identify the antigenic sites on drTLR5 N14 recognized by these VLRs, we determined crystal structures of the drTLR5:VLR2 and drTLR5:VLR9 complexes ( Table 2 ). The structures revealed the VLRs bind to two different epitopes on drTLR5. The concave surface near the drTLR5 N14 N-terminus serves as the epitope for VLR2, whereas VLR9 envelops the ascending lateral face of drTLR5 N14 between the central and N-terminal regions ( Fig. 4 ). VLR2 primarily contacts the drTLR5 N14 LRRNT and LRR1-3 β-strands on the concave surface of the antigen (Fig. 5a ). The concave surfaces of drTLR5 N14 and VLR2 clasp each other in a handshake-like configuration, with the β-strands from each protein rotated approximately 50° relative to each other. In contrast, VLR9-LRRNT binds near the apex of the drTLR5 N14 horseshoe, adjacent to LRR9-loop (271-280). VLR9 then wraps along drTLR5 N14 lateral face towards the N-terminus, such that VLR9-LRRCT contacts drTLR5 N14 -LRRNT ( Fig. 4d and Fig. 5b ). Although the binding sites differ, there is overlap such that VLR2 and VLR9 could not simultaneously bind drTLR5 N14 ( Fig. 6 and Fig. S7 ).
This then is the first demonstration that VLRBs isolated from an immunized lamprey can target multiple epitopes on a protein antigen.
Analyzing the binding interfaces in our structures, we found that VLR2 and VLR9 bury relatively large surface areas on drTLR5 N14 (742 Å 2 and 853 Å 2 , respectively, Table 3 ). These large antigen surface areas are consistent with the tight binding of drTLR5. VLR9, despite having a smaller concave binding site, buries more overall surface area on drTLR5 N14 than VLR2, and has 3-fold higher affinity for drTLR5 N14 than VLR2. Compared to other VLR structures, VLR2 and VLR9 have the largest buried surface areas thus far observed (Table 3) , which may be due in part to having only three other crystal structures of VLR in complex with a protein antigen available for comparison.
The structure of drTLR5 N14 in the two VLR complexes is essentially unchanged from that of drTLR5 N14 in complex with the endogenous ligand flagellin (RMSD 0.46 -0.68 Å for all 441 Cα atoms aligned, Fig. S8 ). Our co-crystal structures show that VLR2 and VLR9 binding sites on drTLR5 N14 both include regions required for flagellin binding, suggesting that drTLR5 N14 would not be able to simultaneously bind the physiological ligand flagellin at the same time as either of these VLRs (Fig. 6 ). The overlap with the flagellin binding site then provides the structural explanation for VLR2 and VLR9 competition with flagellin binding to drTLR5 N14 in the HEK-TLR5 cell assays.
These VLRs appeared to be selective for drTLR5 as they did not inhibit flagellin activation of HEK-hTLR5 in reporter cell assays. We therefore analyzed our VLR:TLR co-crystal structures to investigate the structural basis for this apparent species specificity. We used the drTLR5 N14 crystal structure as a template to construct a homology model of hTLR5. We then superimposed each drTLR5 N14 :VLR co-crystal structure onto the hTLR5 model and analyzed putative clashes between VLR and hTLR5. We observed substantial clashes that would likely preclude binding of either VLR to hTLR5 (Table S2 ). In the case of VLR2, we noted several particularly severe clashes between VLR2 LRRNT backbone and side chains (Ser29, Gly30, Thr32) and hTLR5 side chains (Ile30, Arg50) that do not occur with corresponding drTLR5 side chains (Asn31, Tyr51, respectively). In our hTLR5:VLR9 model, at least four hTLR5 side chains clashed with VLR9 side chains, including hTLR5 Ile264 which clashed with VLR9 Gln52, whereas the corresponding residue in drTLR5 (Asn268) formed a salt bridge with VLR9. Overall, these models provided a possible structural basis for the species specificity of the VLRs observed in our cell-based assays.
Antigen recognition by VLR
In order to expand our understanding of VLR-antigen recognition, we analyzed the relative contributions of VLR regions to antigen interfaces. Here we found that VLR2 and VLR9 draw from interactions throughout their concave surfaces (Fig. 7) . The VLR contacts with drTLR5 N14 were distributed extensively along the concave surface relative to other VLR:antigen structures. LRRNTs of VLR2 and VLR9 make sizeable contributions to the antigen binding surfaces in our structures, whereas in previously published structures, the antigen binding surfaces were almost exclusively formed by LRRV and LRRCT, with little or no contribution from LRRNT (≤ 7% of overall buried surface area, Table 3 and Fig. S9 ). LRRNTs of VLR2 and VLR9 make a number of specific contacts with TLR5 that include hydrogen bonds and hydrophobic packing interactions (Fig 8a, b) . These observations are in stark contrast to the VLR4:BclA and VLRb.2D:lysozyme structures, where contacts from LRRNT were limited to a water-mediated hydrogen bond in VLR4-BclA ( Fig. 8c, d) . Interestingly, the LRRNTs of VLR2 and VLR9 are almost completely identical with just one amino-acid difference (Thr47 and Gly45, respectively), which is located on the convex surface and does not interact with drTLR5 N14 (Fig. 2a ). Conserved residues in LRRNTs of VLR2 and VLR9 bind different sites on TLR5, suggesting that the context of LRRNT within the VLR framework is important for antigen recognition. We found that LRRCTs of VLR2 and VLR9 contribute a smaller fraction to the antigen interface than observed in previously reported VLRB:antigen complexes (Fig. S9 ). In this analysis, the CT-loops were primarily responsible for the LRRCT surface area contribution ( Table 3 ). The LRRNT of VLR2 and VLR9 contribute a substantially larger fraction to the antigen interface, thereby offsetting the decreased contribution by LRRCT to the antigen interface. Overall, these results reveal that specific antigen interactions can be distributed throughout the VLR hypervariable convex surface, with varying contributions from LRRNT, middle LRRs, and LRRCT.
DISCUSSION
The findings here represent the first example of multiple high-affinity VLRB epitopes on a single protein antigen, and which also include biologically functional regions, such as the flagellin binding site on TLR5. Previously reported monomeric VLRB antibodies were relatively low affinity with K d 's in the micromolar to high nanomolar range. Here we show that rare high affinity clones that bind protein targets in the low nanomolar range can be isolated by yeast display screening of immune libraries. In fact, two of the VLRs that we isolated could compete with the extremely tight (picomolar) flagellin binding to drTLR5, as demonstrated by our results from cell-based assays. The VLRs had differing abilities to interfere with drTLR5 N14 :flagellin interaction, where VLR9 had the greatest effect, VLR2 a moderate effect, and VLR1 had no discernable effect.
As lamprey immunizations take weeks and require a special aquaculture facility, this could potentially limit the broad use of VLRs as antibody alternatives. To circumvent the need for immunization, non-immune VLR libraries have indeed been used to isolate binders to protein and carbohydrate antigens. In the non-immune approach, cDNA from ~100 naïve lampreys was pooled to generate a large library of >10 8 clones 43 . Notwithstanding, immunization enabled us to isolate diverse clones with high affinity for drTLR5 N14 by screening a 100-fold smaller library (10 6 VLRB clones) derived from a single lamprey. Therefore, a non-immune library was not required to screen for TLR5 binding; however, the polyclonal VLRB response of all three immunized lampreys suggests that at least most lampreys have TLR5 binders in their repertoire. Due to the lack of in vivo clonal expansion, a non-immune library would likely require additional rounds of screening to obtain the same frequency of binders as the immune library, and it is not yet clear if the current non-immune VLR libraries would match the epitope diversity and affinity of immune libraries.
induced arthritis was decreased by treatment with an Ig-based neutralizing antibody against murine TLR5 35 . TLR5 activation by high mobility group box-1 protein leads to neuropathic pain 37 . A current challenge in innate immunity is understanding how receptors distinguish and respond to pathogenic and endogenous activators. In the case of TLR5, although flagellin is the canonical activator, other activators have been identified. Profilin derived from Toxoplasma gondii was recently discovered to activate human TLR5 44 . The TLR5 activator CBLB502 (entolomid) is an engineered flagellin derivative that is in clinical trials as a radioprotective treatment 45, 46 . The ability to isolate VLRs that target various epitopes opens the door to differentiate the roles for PAMPs and DAMPs in physiological and pathophysiological settings. An eventual goal could be to block TLR5 activation by DAMPs, while maintaining the innate immune response of TLR5 to bacterial flagellin. VLRs could be utilized to identify target sites for this purpose as well as to develop research tools for cell-based studies. To test this possibility, future studies are needed to develop and characterize VLRs that target human TLR5.
Our results address several fundamental questions about VLRB-antigen interactions. Analysis of co-crystal structures with drTLR5 N14 revealed that contacts throughout the concave surface of VLR have a significant role in antigen binding (Fig. 7) . All of the previous VLRB-antigen structures suggested that the LRRCT and the more C-terminal βstrands were the most important for binding. In fact, the LRRCT was proposed to be the "HCDR3-equivalent" of Ig antibodies. Previous structures suggested that the LRRNT had little or no role in antigen binding, although sequence analysis showed that it was highly diverse. Recent work on glycan-specific VLRs demonstrated that, while LRRCT made critical contacts with conserved antigen cores, selectivity between closely related glycans was achieved by contacts with the central β-strands 11 . Our work here now shows two examples of LRRNT having a significant role in antigen binding, including contributing over one-third of the antigen-binding surface in the VLR2 interaction (Fig. S9 ). The VLR9 structure contains a short LRRCT insert that had not been structurally characterized previously, which contributes to formation of a relatively flat antigen-binding surface that has the largest buried surface area of any VLR analyzed so far.
Together, these findings highlight the potential of the VLR system to rapidly generate high affinity antibodies to multiple epitopes on a target antigen, by combining high-throughput yeast display with immunization and in vivo expansion of antigen-reactive VLRB clones.
MATERIALS AND METHODS
VLR Development
Sea Lamprey-Sea lamprey (Petromyzon marinus) larvae 12-15 cm in length were captured by commercial fishermen (Lamprey Services, Ludington, MI) and maintained in sand-lined, aerated aquariums at 16-20 °C. All experiments were approved by the Institutional Animal Care and Use Committee at Emory University.
Antigen Formulation-For immunization, recombinant drTLR5 N14 was covalently conjugated to fixed Jurkat T cells as a carrier to enhance the immune response. Jurkat T cells were cultured in RPMI-1640 (Cellgro) containing 10% fetal bovine serum (Hyclone) at 37 °C and 5% CO 2 . For conjugation, 10 8 Jurkat T cells were washed three times with PBS, then fixed overnight in 4% paraformaldehyde (Electron Microscopy Sciences). The following day, the cells were washed in 20 mM MES, pH 5.5, and activated for amine conjugation by treatment with (1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS, ThermoFisher) for 20 min at room temperature, then washed briefly with PBS. 0.5 mg/mL drTLR5 N14 in PBS was immediately added to the EDC/NHS-activated cells and incubated for 3 hrs at room temperature on a rotating mixer. After the incubation, the cells were washed with PBS/10 mM Tris, pH 7.5, and the drTLR5-conjugated Jurkat cells were stored at 4 °C until needed for immunization.
Immunization-Lamprey larvae were sedated with 0.1 g/L tricainemethanesulfonate (Tricaine-S; Western Chemical, Inc.) and then injected with 10 7 drTLR5-conjugated Jurkat cells in 30 µL of PBS, corresponding to approximately 50 µg recombinant drTLR5.
Lampreys were immunized a total of three times at two week intervals. Two weeks after the final immunization, lampreys were euthanized with 1g/L Tricaine-S and ~200 µL of blood was collected into 200 µL of PBS with 30 mM EDTA added as an anticoagulant. The blood was layered on top of 55% Percoll, centrifuged at 400xg for 5 minutes to separate erythrocytes in the pellet, leukocytes at the Percoll interface, and plasma in the supernatant. VLRB antibody titers were determined using ELISA from plasma buffered with 20mM MOPS pH 7.2 and 0.025% sodium azide. Leukocytes were collected from the Percoll interface, mixed with stabilization reagent, RNAlater (ThermoFisher), and stored at −80 °C for VLRB cDNA library cloning.
ELISA-Plates coated with recombinant drTLR5 N14 (5 µg/ml) were blocked with 2% skim milk in TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.5) before incubation with serial dilutions of plasma from immunized or naïve lamprey. VLRB antibodies were detected using anti-VLRB mouse mAb (4C4) 1 , followed by alkaline phosphatase (AP)conjugated goat anti-mouse IgG polyclonal Ab (Southern Biotech). Wells were washed 3x with TBST after each staining step. Sample wells were incubated with AP substrate (Sigma-Aldrich) for 30 min, after which the reaction was stopped by adding 3 M NaOH. Absorbance at 405nm was measured using a plate reader (Molecular Devices) and graphed using GraphPad PRISM software.
VLRB cDNA Library Cloning-RNA from total leukocytes was isolated using the RNeasy kit (Qiagen) and reverse transcribed into cDNA using SuperScript III reverse transcriptase (Invitrogen) and oligo-dT priming. VLRB transcripts were amplified from cDNA by nested PCR using KOD hot-start DNA polymerase (EMD-Millipore). For the first round of PCR, primers corresponding to conserved VLRB 5'-and 3'-untranslated regions (CTCCGCTACTCGGCCTGCA and CCGCCATCCCCGACCTTTG, respectively) were used. For the second round of PCR, the VLRB antigen-binding domain, without the signal peptide and stalk region, was amplified using primers for LRRNT 
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Author Manuscript inducible promoter. Brain-derived neurotropic factor is fused to the C-terminus of Aga2p by a glycine linker sequence and a Myc-epitope tag is encoded at the C-terminus of the vector. The vector was digested with NheI, NcoI and BamHI (New England Biolabs) to linearize the plasmid and remove the BDNF insert. VLRB PCR products were gel purified from 1% agarose in preparation for cloning by in vivo homologous recombination in yeast.
For VLRB library transformation, yeast cells were grown to log-phase in YPD media at 30 °C (~1 OD 600 ). Yeast cells were harvested by centrifugation at 1,000xg, washed in Milli-Q water, resuspended in 10 mM Tris, 10 mM DTT, 100 mM Lithium Acetate, pH 7.6, and incubated for 20 min at 225 rpm and 30 °C. After incubation, cells were washed in Milli-Q water and resuspended in 1 M sorbitol at 1×10 9 cells/ml. 200 µl of yeast cells were mixed with 1 µg of digested vector and 2 µg of purified VLRB PCR product and added to a 0.2 cm electroporation cuvette on ice. The yeast cells were electroporated at 2.5 kV (12.5 kV/cm) using a Bio-Rad Micropulser. After electroporation, the yeast cells were incubated in a 1:1 mixture of 1 M sorbitol and YPD media for 1 hr at 30 °C, then transferred to SD-CAA media. A small aliquot of the electroporated yeast cells was serially diluted and plated on SD-CAA agar plates to calculate the total number of transformants (1.1 × 10 6 VLRB clones). Aliquots of the yeast library were stored at −80 °C in 15% glycerol.
Yeast Surface Display and VLRB Identification-drTLR5 N14 was biotinylated with EZ-link NHS-LC-LC-biotin (ThermoFisher) at a 5:1 biotin to protein molar ratio for 20 min at room temperature. Unreacted NHS-LC-LC-biotin was removed using a Zeba desalting spin column (ThermoFisher) pre-equilibrated with PBS. Biotinylated drTLR5 N14 was used to enrich for binders from the VLRB yeast display library by MACS and FACS. An overnight yeast culture was diluted into fresh SD-CAA and grown for 3 hours at 30 °C. Cells were harvested, resuspended in SG-CAA media to induce VLRB expression, and subsequently grown for 48 hours at 20 °C. The induced VLRB YSD library was washed in staining buffer (PBS pH 7.4, 1% BSA), incubated with 100 nM biotinylated drTLR5 N14 for 30 minutes at room temperature, and then washed with ice-cold staining buffer three times. Streptavidin-conjugated magnetic microbeads (Miltenyi Biotech) were added to the washed yeast cells in 1 ml of staining buffer and incubated at 4 °C on a rotating mixer for 30 min. After incubation, the yeast cells were added to an LS column on a MidiMACS magnet (Miltenyi Biotech) for enrichment by positive selection. After washing, the antigen-captured yeast cells were eluted from the LS column in SD-CAA media and cultured at 30°C. The MACS-sorted library was then subsequently enriched by FACS. Yeast cells were labeled with 100 nM drTLR5, then incubated with 5 µg/mL mouse anti-Myc-epitope-tag-Alexa
Flour 488 (clone 4A6; EMD Millipore) and 2.7 µg/mL streptavidin R-phycoerythrin conjugate (Invitrogen) in staining buffer for 30 min at 4 °C. drTLR5 N14 binders were isolated using a BD FACS Aria II sorter by gating on yeast cells double positive for drTLR5 N14 and VLRB. The FACS-sorted yeast cells were plated on SD-CAA agar plates and individual colonies were picked and analyzed for TLR5 binding using a BD Accuri C6 Flow Cytometer and the FACS staining protocol described above. VLRB genes encoding for drTLR5 N14 binders were PCR amplified from individual colonies after treatment with Zymolase (Zymogen) to digest the cell wall. The PCR products were purified using a 
QIAquick PCR clean up kit (Qiagen) and sequenced with pCT-ESO forward and reverse primers (ACGACGTTCCAGACTACG and TACAGTGGGAACAAAGTCG, respectively).
Recombinant protein expression and purification
VLR purification-Monomeric VLR expression constructs comprised of an N-terminal gp67 signal sequence, His 6 -tag and TEV cleavage site followed by VLR (VLR-1,-2,-9 constructs contained residues 21-188, 21-213, 21-182, respectively) were synthesized (Invitrogen) and cloned into pFastBac using SpeI/HindIII restriction sites. Plasmids were transformed into DH10Bac cells, bacmids were purified using PureLink kit (Invitrogen) and transfected into Sf9 cells using FuGene. Virus was amplified twice and used to infect Hi5 cells at a density of 1×10 6 cells/mL. Cultures were harvested after 3 days of shaking at 28 °C. Supernatant was concentrated and buffer exchanged into 25 mM Tris pH 8.0, 200 mM NaCl, 5 mM imidazole and purified by His-tag affinity purification using NiNTA resin followed by gel filtration using a Superdex-75 column (GE LifeSciences). The VLRs eluted as monomers and were concentrated to 2.5 -10.5 mg/mL for further use.
drTLR5 N14 purification-A designed drTLR5 N14 construct, containing zebrafish TLR5 LRRs 1 to 14 fused to a VLR-LLRCT 34 , was cloned into a modified pFastBac vector containing an N-terminal gp67 signal peptide, a C-terminal thrombin cleavage site, strepIItag, and His 6 -tag. drTLR5 N14 protein was expressed in Hi5 insect cells for three days at 28 °C. The supernatant was harvested and purified through a His-tag affinity purification step following by gel filtration chromatography using a Superdex-200 column (GE LifeSciences) and then cleaved overnight by thrombin to remove the His 6 StrepII tags. Cleaved drTLR5 N14 was further purified by another His-tag affinity purification step followed by gel filtration chromatography using 50 mM HEPES, 100 mM NaCl, pH 7.5 buffer to remove the thrombin and uncleaved protein. The drTLR5 N14 protein eluted as a monomer, was concentrated to 2.5 mg/ml and stored at −80 °C. The drTLR5-His 6 StrepII tagged protein used in pull-down assays was expressed and purified similarly, but without thrombin cleavage.
Flagellin purification-Flagellin from Salmonella enterica subspecies enterica serovar Typhimurium (amino acid residues 1-495) was cloned into pET-49b with an N-terminal His 6 -tag and thrombin cleavage site. Flagellin was expressed in T7 Express E. coli cells (New England Biolabs) for 2 hours at 37 °C from LB cultures grown to O.D. 0.4-06 and induced with 0.4 mM IPTG. Cells were lysed by performing three passages through an EmulsiFlix-C3 cell disrupter (Avestin). Lysate was clarified by centrifugation at 30000g for 30 min. Flagellin was purified from the clarified lysate using NiNTA resin and then the His 6tag was cleaved overnight by thrombin. Cleaved flagellin was further purified by an NiNTA flow through step, followed by a HiTrap Benzamadine FF column (GE LifeSciences) to remove thrombin, and gel filtration on Superdex-200 (GE LifeSciences). Endotoxin-free flagellin was prepared using Pierce high-capacity endotoxin removal spin columns. Endotoxin-free flagellin was flash frozen in liquid nitrogen and stored at −80 °C.
VLR9/drTLR5-Purified VLR9 and TLR5 were mixed in equimolar amounts and coconcentrated to 12 mg/mL in 25 mM Hepes pH 7.5, 200 mM NaCl. The VLR9-TLR5 complex was crystallized in sitting drops containing 150 nL of protein and 150 nL of reservoir (15% PEG3350, 170 mM MgNO 3 , 80 mM MES pH 6.0, 15% ethylene glycol) at 20 °C. Crystals were harvested and flash-cooled in liquid nitrogen. Diffraction data were collected at APS beamline 23ID-D. Data were indexed and processed using HKL2000 in P2 1 2 1 2 space group. Molecular replacement using Phaser 49 with search models for TLR5 monomer (PDB code 3V47 32 ) and the apo-VLR9 structure identified two copies of a TLR5-VLR9 complex in the asymmetric unit.
Structure refinement and analysis-Molecular replacement solutions were refined using rigid body and iterative cycles of restrained refinement in Phenix Refine 49, 50 and manual fitting in Coot 51 . Data collection and refinement statistics for all three structures are shown in Table 2 . Binding surface area calculations were performed using MS 52 . Graphics were prepared in PyMOL 53 .
Cell-based assays
HEK-hTLR5 reporter cell assays-Endotoxin-free recombinant protein combinations (flagellin, drTLR5, VLR) or PBS (negative control) in a total volume of 20 µL were aliquoted into a 96-well assay plate. HEK-Blue-hTLR5 cells (InvivoGen, CA) diluted in HEK-Blue detection media were added at a density of 25,000 cells per well (180 µL per well). Assay plates were incubated at 37 °C with 5% CO 2 for 12 -16 hours prior to SEAP quantitation. SEAP was quantitated using a microplate reader to measure absorbance at 620 nm. Absorbance data were corrected by subtracting background (A 620nm(sample) -A 620nm[HEKhTLR5 + PBS] ) and then normalized by dividing by the corrected absorbance of HEK-hTLR5 stimulated with 2 ng total flagellin (100% activity). Stimulation of HEK-hTLR5 cells by 2 ng flagellin was effectively inhibited by the inclusion of exogenous drTLR5 N14 (200 ng). All assays were performed in triplicate with low passage cells (< 20 passages). For general maintenance, HEK-hTLR5 cells were cultured at 37°C, 5% CO 2 in complete growth media containing Dulbecco's modified Eagle's medium, 10% fetal bovine serum, 2 mM L-glutamine and antibiotics (50 U/mL penicillin, 50 µg/mL streptomycin, 100 µg/mL Normocin, 10 µg/mL Blasticidin, 100 µg/mL Zeocin).
Immunoprecipitation assay-VLR (His 6 -tag) and drTLR5 N14 (His 6 StrepII-tag) were incubated with HEK-hTLR5 cells as described for SEAP signal assays. Supernatants were collected by centrifugation and applied to strep-tactin coated magnetic beads (IBA life sciences, Germany). Samples were incubated on ice for 1 hour to allow drTLR5 N14 - Comparative analysis of VLR antibodies to drTLR5 N14 . (a) Sequence alignment of VLR-1, −2, and −9 antibodies to drTLR5 N14 show high amino-acid identity and overall conservation of LRR motifs that are characteristic of VLR proteins. VLR2 has one more vLRR insert than VLR1 or VLR9. VLR9 has the shortest hypervariable CT-loop insert. The CT-loop sequence alignment is based on the VLR2 and VLR9 crystal structures. Residues on the concave antigen-binding surface are shown in pink text and highlighted in pink, for unique and shared residues, respectively. Residues with side chains not within the antigen-binding face that are conserved or shared are highlighted in dark blue or cyan, respectively. (b) Crystal structures of VLR2 (teal) and VLR9 (purple) superimposed show that they also adopt the overall solenoid shape typical for lamprey antibodies. The VLR2 N-terminus is shifted 7.0 Å from the VLR9 N-terminus by insertion of an extra vLRR domain (dark blue). The CTloops, a key component in antigen recognition, are highlighted in VLR2 (orange) and VLR9 (red). Table 3 Buried surface areas and K d for VLR:antigen complexes 
